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(54) Porous tissue scaffoldings for the repair or regeneration of tissue 



(57) The present patent describes a three-dimen- 
sional interconnected open cell porous foams that have 
a gradient in composition and/or microstructure through 
one or more directions. These foams can be made from 
a blend of absorbable and biocompatible polymers that 



are formed into foams having a compositional gradient 
transitioning from predominately one polymeric material 
to predominately a second polymeric material. These 
gradient foams are particularly well suited to tissue en- 
gineering applications and can be designed to mimic tis- 
sue transition or interface zones. 
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Background of the Invention 

recent past to make TE scaffolds using diffe ent rn^nl 9 * ^'^ SeVeral a,,em P ts have been madT in the 
(Mikos, et al.) using leachables; U.8^^ 7 ^S^^ U f ***** 5 ' 522 ' 895 < Mikos ) -d 5 5H 378 

eTuTpa^T/^^ 

es, U.S. Patents 5,686,091 (Leong, et al ) anC 5 677 355 7* 1 1 ^ aL) USln9 P reci P'tated polymer gel mass- 

(Schwartz, etal.)and5,7ll,960(Shikinami) usinatextile k " tS 5 > 770 - 193 (vacant,', et al.) 5 769 899 

a porous open cell foam of polyhydroxv acids with ! ^ ^rous scaffolds. Hinsch etal. (EPA274 898)^*2 
vessels and cells. The foam JK^SSS? T 10,Oab -'200um forthe fc^SSSS 

of various pore shapes. The ProcessVa^ 
perature process that offers many advantages over oth°, ™ ? ™rostructure controlled foams is a low tem- 
the -ncorporation of therma, V sens^e compounds Hk oroTIT T' teChniqUeS ' F ° f 6Xam P |e the P«J. alows 
hydro yticalfy unstable absorbable polymers Pr ° ,e,nS - * Ufl8 and other «*««• with the thermally aid 

[0005] Athanasiou et al. (U.S. Patent No 5 607 a 7 a\ h= 

for repairing osteochondral defects at a locate Z2, "fZ TlT^ pro P osed u ^9 a two layer foam ciem™ 
dev.ce is composed of a first and second layer Dreoamd I ?J« type8 " ,iSSUe are P rese "t- The Athanasiou 

Each o, th scaff0(d |ayers js SLtC2 ^ j ° ined t09e,her at a ^^eguen s"p 

and bone tissue. Since cartilage and bone often form a nf C t 7P ress,b,llt y corresponding to the respective cartilaoe 
oleany mimic the structure of L ^Zo^Z^ZlnZ? **» *" * PM is ^ atte^To mor 
body B not a discrete junction of two dissimJar material wi t k ^ the Cartib 9 e and b <™ " the human 
mechamcal properties. The cartilage cells teve dSfdl^t "J"* Chan9S in ana,omical ««*,•»• ancKe 
location of the cartilage cell in relation to the md^a Z^ I ^ mor P hol °9y and orientation depending on the 
onentation provides a continuous transit on ^ 

n telo« ^ byer SyS,em °' Atb ^Ca^ ,0 Under ' yin9 b0ne ca ^9e 

OOOfiT PreSem ,he human bodv ' '"cremental improvement, does not mimic the tissue 

f laaahabl. „« a,ya,a,a A IZ"^„rr , mmb,a ™ is " , " "V d-yins a zz, 

* nM "»> » or atauatura. £Z° * • ■>"*■* ™.aa « a , oMs , mliteM „ ra , ™ ™ 
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tissue. 

Summary of Invention 

5 [0009] The present invention provides a biocompatible gradient foam that has a substantially continuous transition 
in at least one characteristic selected from the group consisting of composition, stiffness, flexibility, bioabsorption rate 
pore architecture and/or mic restructure. This gradient foam can be made from a blend of absorbable polymers that 
form compositional gradient transitions from one polymeric material to a second polymeric material. In situations where 
a single chemical composition is sufficient for the application, the invention provides a biocompatible foam that may 

10 have microstructural variations in the structure across one or more dimensions that may mimic the anatomical features 
of the tissue (e.g. cartilage, skin, bone etc.). 

[0010] The present invention further provides biocompatible foam having interconnecting pores and channels to 
facilitate the transport of nutrients and/or invasion of cells into the scaffold. These biocompatible foams are especially 
well adapted for facilitating the ingrowth of tissue as is described in Example 7. 
is [0011] In yet another embodiment of the present invention biocompatible foams having interconnecting pores formed 
from a composition containing in the range of from about 30 weight percent to about 99 weight £-caprolactone repeating 
units are disclosed. These biocompatible foams are especially well adapted for facilitating the growth of osteoblasts 
as is described in Example 6. 

[0012] The present invention also provides a method for the repair or regeneration of tissue contacting a first tissue 
20 with a gradient foam at a location on the foam that has appropriate properties to facilitate the growth of said tissue. 
The concept of a continuous transition in physical properties, chemical composition and/or microstructural features in 
the porous scaffold (foam) can facilitate the growth or regeneration of tissue. These foam structures are particularly 
useful for the generation of tissue junctions between two or more different types of tissues. For a multi-cellular system 
in the simplest case, one cell type could be present on one side of the scaffold and a second cell type on the other 
25 side of the scaffold. Examples of such regeneration can be (a) skin: with fibroblasts on one side to regenerate dermis, 
and keratinocytes on the other to regenerate epidermis; (b) vascular grafts: with an endothelial layer on the inside of 
the graft and a smooth muscle cell layer on the outside. 

Brief Description of Figures 

30 

[0013] Figure 1 is a scanning electron micrograph of the cross section of a random microstructure foam made from 
5% solution of 35/65 e-caprolactone-co-glycolide copolymer. 

[0014] Figure 2 is a scanning electron micrograph of the cross section of a foam with vertical open channels made 
from 10% solution of 35/65 e-caprolactone-co-glycolide copolymer. 
35 [0015] Figure 3 is a scanning electron micrograph of the cross section of a foam with architectural gradient made 
from 10% solution of 35/65 e-caprolactone-co-glycolide copolymer. 

[0016] Figure 4 is a scanning electron micrograph of the cross section of a gradient foam made from a 50/50 blend 

of 40/60 e-caprolactone-co-(L)lactide copolymer and 35/65 e-caprolactone-co-glycolide copolymer. 

[0017] Figure 5 is a scanning electron micrograph of a cross section of the top portion of a gradient foam made from 

40 a 50/50 blend of 40/60 e-caprolactone-co-(L)lactide copolymer and 35/65 e-caprolactone-co-glycolide copolymer. 

[0018] Figure 6 is a scanning electron micrograph of a cross section of the bottom portion of a gradient foam made 
from a 50/50 blend of 40/60 e-caprolactone-co-(L)lactide copolymer and 35/65 e-caprolactone-co-glycolide copolymer. 
[0019] Figure 7 is a graphical presentation of cell culture data, 7A, 7B and 7C. 
[0020] Figure 8 is an anatomical sketch of cartilage tissue. 

45 [0021] Figure 9A, 9B, and 9C are scanning electron micrographs of a 0.5 mm foam made from a 50/50 blend of a 
35/65 e-caprolactone-co-glycolide copolymer and a 40/60 e-caprolactone-co-(L)lactide copolymer with architecture 
suitable for use as a skin scaffold. Figure 9A shows the porosity of the surface of the scaffold that preferably would 
face the wound bed. Figure 9B shows the porosity of the surface of the scaffolding that would preferably face away 
from the wound bed. Figure 9C shows a cross section of the scaffold with channels running through the thickness of 

so the foam. 

[0022] Figure 10 is a dark field 40X photomicrograph of a trichrome stained sample illustrating the cellular invasion 
of the foam shown in Figure 9, eight days after implantation in a swine model. 

[0023] Figure 1 1 is a 1 00X composite photomicrograph of a trichrome stained sample illustrating the cellular invasion 
of the foam shown in Figure 9 which also contained PDGF, eight days after implantation in a swine model. 

55 

Detailed Description of the Invention 

[0024] This invention describes porous bioabsorbable polymer foams that have novel mic restructures. The features 
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scaffo.Cs are typically isotropic or n^ml^&X^l^r;^ ^ ,he 
features of normal tissues. These 

as domestic animals, primates and humans ^ 6 ^'"'i" 9 ° f93nS) h animals such 

10 to about 200 pm (or greater) tf£ wSta ST ^ ,'■ ( ' ,n,erconnec,ln 9 Pores of sizes ranging from about 
porosities ranging^ aSSw to i^Z^T^ '^T & a va " e * - 

the pore size across one d^S^S^^lSSJ EX" T 8 ° % * ab0Ut 95%; ( ^ radie "« in 
cell invasion, vascularization and nutrien fs lie I T thr ° Ugh the f0am for im P roved 

(6) taxability of pore shape and/or ^^Tf^STV T,? ° P the SUrf 3CS f ° r Cellu,ar Ration; 
chanical properties; (8) composite Sms 2 TiiSSST^*^ 1 ^ W*™<*<°W me- 

ce.l response to different materials; (9) blend of SZnooZlrcZ Tr™ *° ** " *** 3dV3n,39e 01 differen < 
that will breakdown at different rates (10) f o^^ 

including but not limited to biological actors suTh as RGD'f nrolT , pharmaceu,ical| y act ^ compounds 
and the like; (11) ability to make 3 dimensfona I shaL h 9 ( PDGR TGF ' P> VEGF ' BMP ' FGF «°-> 

zation with other parts or medical detfc* Z l T* W,th PrG,erred micros «™tures; and (12) lyophili- 

polymers have distinct *J£^£SZ% ^ZhZ TT° ^ C ° n,r ° ,led ' e3,UreS in 
with no preferred morphology at the pore leve How^r i, fc * f typiCaBy iSOtropic or random s, ™tures 
structure that provided organTzation the It^ZeC^T ^ U88d tiSSUe SCaffolds have a 
ization that may mimic natural tissue ^0^2™^ 3 ,6mp ' a,e ,hat ,acilitates ce,lular or 9an- 

of the structure. This will mn^S^^S^Z!^ 9 ^ and thr ° U9h ,he Contours 

a large extent. V * t,SSUe that ma * mim,c ,he anatomical features of real tissues to 

LTsamTpTi^ 

3 the pore size can be varied from a smaToo f s £ ™S k . P * ° f the f03m - As can be seen from ^ 
offromaboutlC^toabou,^^ 

the repair or regeneration of humaSt^^J^^ e , ^ e t , t m C ° U ' d 68 t0,aCi,itate 

would progress from a small (i.e. about 30 m to abouMSO 1 ?h 1 °?\ JUnC "° n PreSent join,s - This foam 
(i.e. about 30 urn to about 400 urn in diameTr oreferah fS^™ ° rOUnd P ° r6S t0 ' arger col ^n-like pores 
with a length to diameter ratio 00pm to about 400 pm in diameter, in most cases 

formed by this process generally begin on' ZZ^IfS^Z?*". " ^ 2 3nd R9U ' e 3 ' The <*™™* 
channel's length is generally at lead itmtaZ J ^ 1f3VerSe the ,hickness of the The 
average pore diameter andmos f^H^ISS^ ^ "* Pre,er3b ' y 3re at least *»' times the 
cations will be at least 200 micronsTnlenl «nd l! 9 ^ 6 3Ver3ge P ° re diame,er Channels fo ' most appli- 

channe, will be a, least one SEE slzTT^ZeTrTJ^ *! ^i™ 35 °' the ^ The diame,er <« »• 
- pore diameter. The channe, size and diamete^ S r^tlr 2 ^* 6 " 88 
The? 8 C6llUlar T Si ° n ' nU ' rient diffUSi ° n w aS a! ~ ° ^ va'sc a^ 2 d - Wd fUnCti0nali, V - the 

cartilage, tendons, ligaments, dura S^iSS^^^ 0n6 ' ! P ' n9 d ' SC ' C3rti ' 39e ' meniscus ' fibra " 

« a'ewtissueswheregradient'sca^oTd ?s?Th" 

ment of these organ structures would benefit ***** l ° f3Ci ' i,3,e deVel0p " 

scaffold. 9 y ,r0m tne ab,llt y ,0 P roces s or create a gradient architecture in the 
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Cartilage 



articular c,« 9 o, s,„ s s ^ZT^Z2^ ZZTZ'^TT^" W ' h »' 
.ha mo^otogkra, .aaturaa d a hea.hy.aaLga ia aS, il Fi 9 l f * shearing 
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is adjacent to the tide mark, and a transition zone between the bone and cartilage that is composed of calcified cartilage. 
Subchondral bone is located adjacent to the tide mark and this transitions into cancellous bone. In the superficial or 
tangential zone, the collagen fibrils are parallel to the surface. The fibers are oriented to resist shear forces generated 
during normal joint articulation. The middle zone has a randomly arranged organization of much larger diameter col- 
5 lagen fibers. Finally, in the deep zone there are larger collagen fiber bundles, which are perpendicular to the surface, 
and they insert into the calcified cartilage. The cells are speroidiol and tend to arrange themselves in a columnar 
manner. The calcified cartilage zone has smaller cells with relatively little cytoplasm. 

[0030] A preferred embodiment of this invention would be to generate a gradient foam structure that could act as a 
template for multiple distinct zones. These foam structures could be fabricated in a variety of shapes to regenerate or 

10 repair osteochondral defects and cartilage. One potential foam structure would be cylindrical in shape with an approx- 
imate dimensions of 10mm in diameter and 10 mm in depth. The top surface is would be approximately 1 mm thick 
and would be a low porosity layer to control the fluid permeability. By adopting a suitable processing method the surface 
porosity of the foam could be controlled. The porosity of this skin like surface can be varied from completely impervious 
to completely porous. Fluid permeability would be controlled by surface porosity Below such a skin the structure would 

is consist of three zones. An upper porous zone which lies adjacent to cartilage tissue, a lower porous zone which lies 
adjacent to bone tissue, and a transition zone between the upper and lower porous zones. For articular cartilage, it is 
currently preferred that the stiffness (modulus) of the upper and lower porous layers at the time of implantation be at 
least as stiff, as the corresponding adjacent tissue. In such a case the porous layers will be able to support the envi- 
ronmental loading and thereby protect the invading cells until they have differentiated and consolidated into tissue that 

20 is capable of sustaining load. For example the porous structure used for the superficial tangential zone could have 
elongated pores and the orientation of the structure could be parallel to the surface of the host cartilage. However, the 
deep zone may have a porosity of about 80 to about 95 % with pores that are of the order of 1 00 |im (about 80 u/n to 
about 120 pirn). It is expected that chondrocytes will invade this zone. Below this, would be a zone with larger pores 
(about 1 00 u.m to about 200 jam) and a porosity in the range of about 50 to about 80 %. Such 100 u.m to about 200 um 

2S porous foam would have a structure such that the struts or walls of the pores are larger and vertical to the load, similar 
to the naturally occurring structure and to bear the loads. Finally, at the bottom of this structure there is a need for 
larger pores (about 150 uin to about 300 u/n) with higher stiffness to be structurally compatible with cancellous bone. 
The foam in this section could be reinforced with ceramic particles or fibers made up of calcium phosphates and the like. 
[0031] Recent data generated in our laboratories support the hypothesis that cell invasion can be controlled by pore 

30 size. In these studies, a scaffold made of 95/5 mole percent poly(L)lactide-co-e-caprolactone) with an approximate 
pore size of about 80 u.m had chondrocyte invasion of about 30 cells/mm 2 of the scaffold (under static conditions). 
Scaffolds made of 40/60 mole percent poly(e-caprolactone-co-(L)lactide) with a larger approximate pore size of about 
100 um had a statistically significantly greater cellular invasion of 50 cells/mm 2 (under static conditions). In both cases 
the cells were bovine chondrocytes. A very simple gradient structure with a variation of pore sized from about 80 jim 

35 to about 1 50 urn would provide a structure where chondrocytes would more easily invade the area with larger pores. 
The area with smaller pores would be void of chondrocytes or would be filled with a second cell types (e.g., fibroblasts). 
[0032] In a compositionally gradient foam a blend of two or more elastomeric copolymers or in combination with high 
modulus semi-crystalline polymers along with additives such as growth factors or particulates can be chosen such that 
first a desired pore gradient is developed with a preferred spatial organization of the additives. Then using a variety of 

40 the approaches referred to in the preferred methods of making gradient foams, a compositional gradient can be su- 
perimposed primarily due to the differences in the polymer-solvent phase separation behavior of each system. Such 
a gradient foam structure would elicit a favorable response to chondrocytes or osteoblasts depending on the spatial 
location. 

[0033] Further, the purpose of a functional gradient is to more evenly distribute the stresses across a region through 
45 which mechanical and/or physical properties are varying and thereby alleviate the stress concentrating effects of a 
sudden interface. This more closely resembles the actual biological tissues and structures, where structural transitions 
between differing tissues such as cartilage and bone are gradual. Therefore, it is an object of the present invention to 
provide an implant with a functional gradient between material phases. The present invention provides a multi-phasic 
functionally graded bioabsorbable implant with attachment means for use in surgical repair of osteochondral defects 
50 or sites of osteoarthritis. Several patents have proposed systems for repairing cartilage that could be used with the 
present inventive porous scaffolds. For example, U.S. Patent 5,769,899 describes a device for repairing cartilage 
defects and U.S. Patent 5,713,374 describes securing cartilage repair devices with bone anchors (both hereby incor- 
porated herein by reference). 

55 Bone 

[0034] Gradient structures naturally occur for the bone / cartilage interface. In a study in our laboratories, we have 
demonstrated that material differences significantly influence cell function. In initial and long-term response of primary 
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copolymer and knitted meshes (95/5 JuZS^^T^T^' ^ 40/60 ^aprolactone-co-(L)lactide 
uated in vitro. The results dJSSS£SSS2E2 h ? 9 ^^Ulactide copolymers) were eval- 
films and meshes following 6 day 

lactide copolymer film, ^L^BtL^^^^J^^,^' f " mS ' except a 40/60 ^aprolactone-co-(L) 
to tissue culture polystyrene (^TSSEETT T?™™ °' ^ "* ° St60blas,s as com P ar ^ 
tiationofcurturedoLobJsaJ^ 

expression as compared to the other films and TCPS h!^!\ Phosphatase activity and osteoclacin mRNA 
icantly alter cell function and dS^SZTSJ^SV ! abMle mM wi " si 9* 

composite materials with a gra^T^Z^L coT« be ITT T** ** Ce " 9rOWlh and d ^rentia.ion a 
types in the same scaffold. ^P 03 ' 1 ™ could be util.zed to opt.mize tissue regeneration with different cell 

Sr NtCSj^ 9 **» made <™ a "o-pcymer, co- 

turecontaininge-caprolactoneises^^ 

may becopolymerized withe^aprnone^ Su * able W*Q ««. that 

with e-caprolactone include , but are not limited to ladic acid £S f 5 comon °™s that may be copolymerized 
acid, glycolide, p-dioxanone (1 4-dioxan S«Je tSh^L k ( ^ L "' °" mSSO and D " L mixtures ). 9"^ 
lactone, e-decalactone 2 5-d^^^^ 
oxalate, 3-me.hyM,^^ 

1.WtoKepan-2™ e ,6,eWime^ rbutyrolactone, 1 ,4-dioxe P an-2-one, 

[0036] Preferred medical devices fS?f ^ combinations hereof, 

sorbable polymers made from eSu^ES^SSS h f" 6 repa ' f ^ re 9 e ™ration containing bioab- 

describedinthisapplicationMb ous CS 6 tZl* ,0 *! ^ fa " m SCaff °' din9S < such as 
composite containing reining fibers, maZs^ 



Skin 



Tw^linCLTaZ^ 

epidermis, is avascular and nSnVS^flSlS? T l0Cati ° nS ° f ,he *"* The outer la ^ or 

and pigmented cells (me.an^es). Z Z^^Z^r^T * ^ ^"^an ce.ls) 

the epidermis its durability and protective ^Si^SJ^SL T corneoc y te env e'opes, which gives 

upon the differentiation sfate of the ^SS^^J^f 0 ^ °' ^ S,fUCtUreS is com P lete| y indent 
pression patterns, as the cells ^ZnZLTirZ ZT * With different P rotei " «- 

expressing cells must be fo^^^Z^^S^TT ™" Stratified layer of differentia "y 

dense irregular connective tissue HE S^rZ SST 7*°™ " ^ Which is a 

fibers, which give it its exceptional elasticity ahd streno h Fib 2Z£ * P ° P ^ C °" a9eneic and elastic 
these two layers is the basement m«nh B ^ K KL^^7i ?f ^ thiS ' ayer BetWeen 
also to regulate their function and differential^ The |ave f of kiting ,0r e P idermal «"» and serves 

membrane, are cuboidal in shape and high* ZnJc ^l^l^TT 1 Z direC, ' y to the basement 

the ultimate production of the higher squamous ^^^^^^^^^'"^AMng 
precursor cells for repair and rJLlS^JSSST rl P S ' ThS ba$a ' layer provides a source of 
insult and infection. re P |aceme "« of the ep,derm,s. The squamous layers provide strength and resistance to 

enhance, the rate of re-epLlia Kza ion in stch TZ£!Z2t ? M 

that permit invasion ^mJ^^^llS^^^ ep,dermal basal ,a V er is f °™ d - Materials 
control of access of particular cel. ^ aSHSffl TJSEtZT* ^ 
have functional benefits. Now refer to Figures 9A 9B and oc S m f f the / egeneratl0n of ,he nattJra ' tissue can 
Figures 10 (100X magnification) and uZxmtnlT^ Wh,ch . Ilustrates the microstructure of this foam scaffold, 
the invasion of fibroblasts, mTcrophages S^T*:? 1 ^ P hotomicro 9ra P hic evidence of 
The foam tissue scaffolding 101 J3S S^^^^,^^ ^ 3 ° 5 f ° am ' 

and s-caprolactone-co-lactide copolymer (made as ^described I i ^2m2 d ^ a P rolacton ^9lycolide copolymer 
implantation in 1.5 cm X 1 5 cm X 0 2 cm •SJJL?! ^ ** ample 7 ^ Tne P |c,ures were taken at 8 days after 
ofthematrixintothegranu^ 

scaffoldingappearstoprovideasuitablesubstratefo^ 
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foam tissue scaffolding shown in Figure 11. In compromised wound healing models the addition of a growth factor such 
as PDGF may in fact be necessary. 

[0039] From our initial studies it appears that it is desirable to use as a skin scaffold a foam tissue scaffold having a 
thickness of from about 1 50 u.m to about 3 mm, preferably the thickness of the foam may be in the range of from about 
s 300 |im to about 1 500 jam and most preferably about 500 to about 1000 jam. Clearly different skin injuries (i.e. diabetic 
ulcers, venous stasis ulcers, decubitis ulcers, burns etc.) may require different foam thickness. Additionally, the patient's 
condition may necessitate the incorporation of growth factors, antibiotics and antifungal compounds to facilitate wound 
healing. 

10 Vascular grafts 

[0040] The creation of tubular structures with gradients may also be of interest. In vascular grafts, having a tube with 
pores in the outer diameter which transitions to smaller pores on the inner surface or visa versa may be useful in the 
culturing of endothelial cells and smooth muscle cells for the tissue culturing of vessels. 

is [0041] Multilayered tubular structures allow the regeneration of tissue that mimics the mechanical and/or biological 
characteristics of blood vessels will have utility as a vascular grafts. Concentric layers, made from different compositions 
under different processing conditions could have tailored mechanical properties, bioabsorption properties, and tissue 
ingrowth rates. The inner most, or luminal layer would be optimized for endothelialization through control of the porosity 
of the surface and the possible addition of a surface treatment. The outermost, or adventitial layer of the vascular graft 

20 would be tailored to induce tissue ingrowth, again by optimizing the porosity (percent porosity, pore size, pore shape 
and pore size distribution) and by incorporating bioactive factors, pharmaceutical agents, or cells. There may or may 
not be a barrier layer with low porosity between these two porous layers to increase strength and decrease leakage. 

Composition of foams 

25 

[0042] A variety of absorbable polymers can be used to make foams. Examples of suitable biocompatible, bioab- 
sorbable polymers that could be used include polymers selected from the group consisting of aliphatic polyesters, poly 
(amino acids), copoly(ether-esters), polyalkylenes oxalates, polyamides, poly(iminocarbonates), polyorthoesters, poly- 
oxaesters, polyamidoesters, polyoxaesters containing amine groups, poly(an hydrides), polyphosphazenes, biomole- 

30 cules and blends thereof. For the purpose of this invention aliphatic polyesters include but are not limited to homopol- 
ymers and copolymers of lactide (which includes lactic acid, D-,L- and meso lactide), glycolide (including glycolic acid), 
e-caprolactone, p-dioxanone (1,4-dioxan-2-one), trimethylene carbonate (1,3<iioxan-2-one), alkyl derivatives of tri- 
methylene carbonate, 5-valerolactone, p-butyrolactone, y-butyrolactone, e-decalactone, hydroxybutyrate (repeating 
units), hydroxyvalerate (repeating units), 1,4-dioxepan-2-one (including its dimer 1 ,5,8,1 2-tetraoxacyclotetradecane- 

35 7,14-dione), 1 ,5-dioxepan-2one, 6,6-dimethyl-1 ,4-dioxan-2-one 2,5-diketomorpholine, pivalolactone, alpha, alpha-di- 
ethylpropiolactone, ethylene carbonate, ethylene oxalate, 3-methyl-1 ,4-dioxane-2,5-dione, 3,3-diethyl-1,4-dioxan- 
2,5-dione, 6,8-dioxabicycloctane-7-one and polymer blends thereof. Poly(iminocarbonate) for the purpose of this in- 
vention include as described by Kemnitzer and Kohn, in the Handbook of Biodegradable Polymers, edited by Domb, 
Kost and Wisemen, Hardwood Academic Press, 1997, pages 251-272. Copoly(ether-esters) for the purpose of this 

40 invention include those copoly ester-ethers described in "Journal of Biomaterials Research", Vol. 22, pages 993-1009, 

1988 by Cohn and Younes and Conn, Polymer Preprints (ACS Division of Polymer Chemistry) vol. 30(1), page 498, 

1 989 (e.g. PEO/PLA). Polyalkylene oxalates for the purpose of this invention include Patent Nos. 4,208,511 ; 4,141 ,087; 
4,130,639; 4,140,678; 4,105,034; and 4,205,399 (incorporated by reference herein). Polyphosphazenes, co-, ter- and 
higher order mixed monomer based polymers made from L-lactide, D,L-lactide, lactic acid, glycolide, glycolic acid, 

45 para-dioxanone, trimethylene carbonate and e-caprolactone such as are described by Allcock in The Encyclopedia of 
Polymer Science, Vol. 13, pages 31-41, Wiley Intersciences, John Wiley & Sons, 1988 and by vandorpe, Schacht, 
Dejardin and Lemmouchi in the Handbook of Biodegradable Polymers, edited by Domb, Kost and Wisemen, Hardwood 
Academic Press, 1997, pages 161-182 (which are hereby incorporated by reference herein). Polyanhydrides from 
diacids of the form HOOC-C 6 H 4 -0-(CH 2 ) m -0-C 6 H 4 -COOH where m is an integer in the range of from 2 to 8 and co- 

so polymers thereof with aliphatic alpha-omega diacids of up to 12 carbons. Polyoxaesters, polyoxaamides and polyox- 
aesters containing amines and/or amido groups are described in one or more of the following U.S. Patent Nos. 
5,464,929; 5,595,751; 5,597,579; 5,607,687; 5,618,552; 5,620,698; 5,645,850; 5,648,088; 5,698,213; 5,700,583; and 
5,859, 1 50 (which are incorporated herein by reference). Polyorthoesters such as those described by Heller in Handbook 
of Biodegradable Polymers, edited by Domb, Kost and Wisemen, Hardwood Academic Press, 1997, pages 99-118 

S5 (hereby incorporated herein by reference). 

[0043] Currently aliphatic polyesters are the absorbable polymers that are preferred for making gradient foams. 
Aliphatic polyesters can be homopolymers, copolymers (random, block, segmented, tappered blocks, graft, triblock, 
etc.) having a linear, branched or star structure. Preferred are linear copolymers. Suitable monomers for making aliphat- 
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2-one). trimethylene carbonate (1 SdioTn^L? S * S ' 9V ? e ; ca P rolactone - P'dioxanone (1,4-dioxan- 
2,5-diketomorpholine, pfcalolactone atoha aloS^in > ^ beta - butvrolact °ne. epsilon-decalactone, 
«hy.-1,4-dioxane-2,5-dione, ^ieihy ? I^St ' f/'T Carb ° na,e ' ethy ' ene ° Xa ' a,e ' 3 " me " 
oxepan-2-one, 6,6-dimethyl-dioxeDa 2 nt Tl, ? ' S^ma-butyrolactone, 1 ,4-dioxepan-2-one, 1,5-di- 
[0044] Elastomeric cmlnZ 6,8-dioxab.cycloctane-7-one and combinations thereof. 

of e-caprolactone and glycolide torefeS halo^ It 0m ^ ^° UP C ° nSisting of Homeric copolymers 
about 65:35, more preferably from 45 S to 35 esfelaTt^ to glycolide of from about 35:65 to 

lactide, D-lactide blends the^or t£ ZSf } f , ' C copolvmers of e-caprolactone and lactide, including L- 
of from about 35:65 to abl 1 65 S ST^SES? ^ « * h3Vin9 8 m °' e rat ''° ° f ^^one to Jide 
tomeric copolymers of p-dioxanorfe (1 TZZZ^ n 7! 7 ° °' ft ° m ab0Ut 95:5 10 about 85:15 > •*» 

erably having a mole ratio of P^ano^ ^ D ' ,actide and ■»* acid (pref- 

caprolactone and p-dioxanone (preferab^ f ° 60:40) ebSt ° meriC C ° P °' ymerB °' E " 

70 to about 70:30) elastomeric cooolmers ^nTvT ? ^P'olactone t0 p^Jioxanone of from about from 30- 

carbonate and glycolide (preferably havinq a mole rationf trimLt ? J' elas,omer,c copolymers of trimethylene 
about 70:30), elastomeric ^copolvmerofrim^n. k me,hylene carbonate to 9"ycolide of from about 30:70 to 
or lactic acid copo^ 

about 70:30) and L^SS^SSi SlTSSJS^ 7 ^ ,0 ° f ^ aboul 3070 '° 

4,045,418; 4,057,537 and 5 468 253 aTl herebv Tn^^l T elastomers are des ^ibed in U.S. Patent Nos. 
inherent viscosity of from abouf 1 .2 dL^g ^ e,aS,0meric polymers have an 

about J dL/g and most preferably an ^S^JS5S " ZT^u 0 ^ f ^ 1 l » 
rao a 451 P TT (9/dL) S0,Uti ° n °' ^ ^exafluoS^ (HFIP) ^ " determ ' ned * ^ 
«r^^^ 

which the foams are formed will exhtoTa £Sl U„ t embod ' me ^ of this invention, the elastomer from 

than about 500 percen TsrTprTel^ K ll 9 ^ 2'"** ^ ab ° Ut 200 percent and P'^ably greater 
achieved whi,e Ln^T^lT^^Z SSSZ ^T V *" biM ^ -» 

degree of crystallinity all ditfate ^^rtTSZrt^ T'^* °» ,he P ° ,ymer and lba 

of the polymers to make gradient fims tor ^In! '""^o behavior of the po^mer. However, the selection 

factors: (a") bioabsorption K^SSS^? <** n * ^ *> *e fo.lowing 
the material in terms of cell attachment nroiLl^n mechanical performance; and (c) cell response to 

[0047, The ability of * ( d ) Compatibility, 
differences in the absorption time under in v^.ZhT , 1 1he body enviror| ment is critical. But the 

For example a ^m'^ 

40:60 e-caprolactone and (L).actide SSJSfaiSlJS? i * abS0,bin9 P °' ymer) ' S blended wrth 
have several different physical slr^cTuSsTDend^u^ thT " 9 P °' ymer) '° '° rm 8 ,0am - Such a foam ™" 

be either randomly interconnected 2^1^5121^^ "T" ,eChniqUe USed The tW ° COnstituents « 
or a laminate type composite ^SfKEEZ£2i t .1 T ^ 3 gradient throu 9 h ttle thi ^ness 
of these foams can be optimized to SenS ^or etfrTh^H h ^ COnS,itUent ' ayerS ' The ^restructure 
engineered. regenerate or repa.r the des.red anatomical features of the tissue that is being 

—oTpiSr^ 

are particularly advantageous in tissTenoTeerS^ wrt^T ^ ^ ^ 9M archi,ecturs 

curringtissuesuchascartnage (8^3^^^?^ " l* 9 *™** ^ S,fUC,Ure of na,ural ^ oc ' 
For example by blending an elastomer o ^ZS^Z^SF* T** 9 ^ ^ b ° ne and vascular tissue, 
ratio of about 5:95) a foam may be formed hSSS e-caprolactone-co-lactide (i.e. with a mo.e 
fo the transrtion from cartilage to bon^ C Z T^Too Zr ^l S"? T " ^ ^ ,0am Similar 
provide different gradients such as MventTJnLZiZ V USed '° r Simi ' ar gradient effec,s or '° 

ticity. Additionally these foams Z be used foToSnZ ' ? r6SP ° nSe Pf ° fNeS ' ° r different de 9 rees of *las- 
from these unique scaffoS ™ S£ bul a e nXK? T'," r69enera,i ° n S,rat69ies that may b ™<* 
bladder, tendons, ligaments and brZ^ues ' P ' n6 ^ dUr8 ' ,iSSU6 ' ' iV6r ' pancreas ' kidna V. 

[0049] Tha - a '-tomericpolymersmaybefoamedby^ophi.izat to n,supercritica. S o,ventfoaming(i.e.^ 
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in EP 464,163 B1), gas injection extrusion, gas injection molding or casting with an extractable material (i.e., salts, 
sugar or any other means known to those skilled in the art). Currently it is preferred to prepare bioabsorbable, biocom- 
patible elastomeric foams by lyophilization. Suitable methods for lyophilizing elastomeric polymers to form foams is 
described in the Examples and in the copending patent application entitled, "Process for Manufacturing Biomedical 
s Foams", assigned to Ethicon, Inc., docket number ETH-1352, filed June 30, 1999 hereby incorporated herein by ref- 
erence herein. 

[0050] The foams that are made in this invention are made by a polymer-solvent phase separation technique with 
modifications to the prior art that unexpectedly creates gradients in the foam structure. Generally, a polymer solution 
can be separated into two phases by any one of the four techniques: (a) thermally induced gelation/crystalization; (b) 

io non-solvent induced separation of solvent and polymer phases; (c) chemically induced phase separation, and (d) 
thermally induced spinodal decomposition. The polymer solution is separated in a controlled manner into either two 
distinct phases or two bicontinuous phases. Subsequent removal of the solvent phase usually leaves a porous structure 
of density less than the bulk polymer and pores in the micrometer ranges (ref . "Microcellular foams via phase separation" 
by A. T Young, J. Vac. Sci. Technolol. A 4(3), May/Jun 1986). The steps involved in the preparation of these foams 

15 consists of choosing the right solvents for the polymers that needs to be lyophilized and preparing a homogeneous 
solution. Next, the polymer solution is subjected to a freezing and vacuum drying cycle. The freezing step phase sep- 
arates the polymer solution and vacuum drying step removes the solvent by sublimation and/or drying leaving a porous 
polymer structure or an interconnected open cell porous foam. 

[0051] Suitable solvents that should be generally suited as a starting place for selecting a solvent for the preferred 

20 absorbable aliphatic polyesters include but are not limited to solvents selected from a group consisting of formic acid, 
ethyl formate, acetic acid, hexafluoroisopropanol (HFIP).cyclic ethers (i.e. THF, DMF, and PDO), acetone, acetates of 
C2 to C5 alcohol (such as ethyl acetate and t-butylacetate),glyme (i.e. monoglyme, ethyl glyme, diglyme, ethyl diglyme, 
triglyme, butyl diglyme and tetraglyme) methylethyl ketone, dipropyleneglycol methyl ether, lactones (such as yvalero- 
lactone, 5-valerolactone, p-butyrolactone, ^butyrolactone) 1,4-dioxane, 1,3-dioxolane, 1,3-dioxolane-2-one (ethylene 

25 carbonate), dimethlycarbonate, benzene, toluene, benzyl alcohol, p-xylene, naphthalene, tetrahydrofuran, N-methyl 
pyrrolidone, dimethylformamide, chloroform, 1,2-dichloromethane, morpholine, dimethylsu If oxide, hexafluoroacetone 
sesquihydrate (HFAS), anisole and mixtures thereof. Among these solvents, the preferred solvent is 1,4-dioxane. A 
homogeneous solution of the polymer in the solvent is prepared using standard techniques. 
[0052] Accordingly, as will be appreciated, the applicable polymer concentration or amount of solvent, which may 

30 be utilized, will vary with each system. Suitable phase diagram curves for several systems have already been devel- 
oped. However, if an appropriate curve is not available, this can be readily developed by known techniques. For ex- 
ample, a suitable technique is set forth in Smolders, van Aartsen and Steenbergen, Kolloid-Z. u. Z. Polymere, 243, 
14 (1971). As a general guideline the amount of polymer in the solution can vary from about 0.5% to about 90% and 
preferably will vary from about 0.5% to about 30% by weight depending to a large extent on the solubility of the polymer 

35 jn a given solvent and the final properties of the foam desired. 

[0053] Additionally, solids may be added to the polymer-solvent system. The solids added to the polymer-solvent 
system preferably will not react with the polymer or the solvent. Suitable solids include materials that promote tissue 
regeneration or regrowth, buffers, reinforcing materials or porosity modifiers. Suitable solids include, but are not limited 
to, particles of demineralized bone, calcium phosphate particles, or calcium carbonate particles for bone repair, leach- 

40 able solids for pore creation and particles of bioabsorbable polymers not soluble in the solvent system as reinforcing 
or to create pores as they are absorbed. Suitable leachable solids include but are not limited nontoxic leachable ma- 
terials selected from the group consisting of salts (i.e. sodium chloride, potassium chloride, calcium chloride, sodium 
tartrate, sodium citrate, and the like) biocompatible mono and disaccharides (i.e. glucose, fructose, dextrose, maltose, 
lactose and sucrose), polysaccharides (i.e. starch, alginate), water soluble proteins (i.e. gelatin and agarose). Generally 

45 all of these materials will have an average diameter of less than about 1mm and preferably will have an average 
diameter of from about 50 to about 500 um The particles will generally constitute from about 1 to about 50 volume 
percent of the total volume of the particle and polymer-solvent mixture (wherein the total volume percent equals 100 
volume percent). The leachable materials can be removed by immersing the foam with the leachable material in a 
solvent in which the particle is soluble for a sufficient amount of time to allow leaching of substantially all of the particles, 

50 but which does not dissolve or detrimentally alter the foam. The preferred extraction solvent is water, most preferably 
distilled-deionized water. This process is described in U.S. patent No. 5,514,378 hereby incorporated herein by refer- 
ence (see column 6). Preferably the foam will be dried after the leaching process is complete at low temperature and/ 
or vacuum to minimize hydrolysis of the foam unless accelerated absorption of the foam is desired. 
[0054] After the polymer solvent mixture is formed the mixture is then solidified. For a specific polymer-solvent sys- 

55 tern, the solidification point, the melt temperature and the apparent glass transition of the polymer-solvent system can 
be determined using standard differential scanning calorimetric (DSC) techniques. In theory, but in noway limiting the 
scope of the present invention, it is believed that as a polymer solvent system is cooled down an initial solidification 
occurs at about or below the freezing point of the solvent. This corresponds to the freezing of a substantial portion of 
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he solvent .n the system. The initial freezing appears as a first exothermic peak. A second freezing point occurs when 
herm^T; 3 T** ^ The S6COnd ' reeZi " 9 P oint is ™S by a SSSSS 

on ZeSng. 9 temPera,Ure 31 *"* ^ ™» ^ SyS,em the ** ^dothe'mte sh* 

[0055] An important parameter to control is the rate of freezing of the polymer-solvent system The type of pore 
morphology hat gets locked in during the freezing step is a function of the solution thermodynamics freezing rate 

descr.ption of these phase separation phenomenon can be found in the references provided herein ("Microcellular 
teams vb phase separation" by A. T. Young, J. Vac. Sci. Techno.. A 4(3), May/Jun 1986; and VhLcZnSo 
St* P °: 0US Po V m eric Memb ™e «™ Solutions" by S. Matsuda, Polymer J. Vol. 23 No. S^SSS^Si? 

" S °' U,IOn r ViOUSly deSCfibed Can be solidified in a variet V of manners such as placing or injecting 
o!u ion T an h 7 T" 8 m °' d in an appr ° pria,e ba,h or on 3 refri 9 erated shelf. Alternate the pSer 
ave TheT 0 ,H ^7 I *" and 8prayBd ° n, ° 3 C °' d SUrfaCe causifl 9 solidification of the spray feyer by 

Ih a , ? I ^ b6 3 med ' Cal d6ViCe ° r Part there0f or a film - The sha P 6 of the solidified spray will be similar 
to the shape of the surface ,t ,s sprayed onto. Afternatively, the mixture after solidification can be cut or fonTed I to shape 
whle frozen Using these and other processes the foams can be made or molded in a variety of aha^aS* 

s'h IT m 52. sha n D C 6 he r ^ Sh T S ' SPheriCa ' ShapeS ' hemis P ha ^' ^apes, J^SS^S^ 

S ' Sic ,? Tk 0 ,, 6 - dney ShaPed) ' ,0r ° idal Shap6S ' COniCal sha P es ' frusta conical shapes, pyramidal 
shapes, both as solid and hollow constructs and combination thereof) 

[00571 Alternatively, another method to make shaped foamed parts is to use a cold finger (a metal part whose surface 

oZ Sve^nH ,he , P TK " ^ 10 ,abriCat6) - ThS C °' d ,in9er iS dipped int ° a °< Pimer in^n appr" 

cold ski^r ,f T ' S 13 mUCh ' ike diPPin9 an iCe Cream P0p int0 warm chocola,e *« ^ezes to a Sard 
ZtolZy 9 ? T ' n f. 3 lat6X 01 mbber 10 ,0rm 9 ' 0VeS 0r COndoms - The ,hickne ss and morphology of the 
toamproduced areafunct,on of the temperature, dwell time and withdrawal rate of the cold finger in the mixture Lonoe^ 
dwdl, colder finger and slower withdrawal will produce a thicker coating. After withdrawal, the coll finge rt placed on 
*^ ri tal mass that is in w«h the refrigerated tray of the lyophilizer! From this pSnt he pr^ary 

SIS T 9 Pr0C6SSeS arS 38 d6SCribed above - This method is Particularly well suited to making tube? 

fZ 81 SC r^ dit w na " y ' P °' ymer !° ,U,i0n be S0Hdified With Vari0US inSerts incorporated with the solution such as 
films, scrims, woven, nonwoven, knitted or braided textile structures. Additionally, the solution can be prepared in 

bZne^r T S ,T Ure SUCh ^ ° rth ° PediC imp,ant < B * SCreWS - P ins **■ -d plates) or vascu S " 
one biriol ^ ^ ^ SM ** ' Vascularized or ducted organ). These inserts wSl be made of at Sas 
mncn ^T P 6 matenal and may be non -absorbable, absorbable or a combination thereof 

H B JJ * i^'*™ T'T 'k 8 T Under9 ° 8S dir8Cti0nal C °° ,in9 ,hrOU9h the wa " of the mold that is in contact 
sal ItS H h ' ? 18 S ,6Cted 10 3 therma ' CyC ' e - The m °' d and its surface can be ma ^e from virtually 

ZvTTtetZnl TV ^ P° ,ymer - S0,vert system, though it is preferred to have a highly conducting 

so2 The £S„ Th« t T Ve ! u PWardS fr ° m the ,y0philiZer Shelf throu9h the mold wa » '"to the polymer 
XTseJarates tem P erature of the ™*ture 9°es below the ge.lation and/or freezing point the mixture also 

[0060] The morphology of this phase separated system is locked in place during the freezing step of the lyophilization 
ZZZZ H T ° f ° Pen P ° reS 18 by thS ° nS6t ° f vacuum '.yra resulting in the sEaSn d 

Hez^ Afh^Tr 8 m,XtUre C ° ntainer ° f m °' d that 13 COO,ed from a heat sink wi » solidify prior to completeV 

he ™L! h r?s rr appear soiid ' initiai ^ tnere appears to be s ° me resjdua| ^ a^ztx 

mL«r e h 1 8 CyS,a '" Zed U iS ,he0ri2ed ' bUt in n ° Wa V limitin 9 the P^sent invention, that a freezing frant 
SZT i 9 ° m h6at Sink { ° COmP ' ete 1he solidifica,i °" a «er the mrxture has apparently sTdfed 

b^^i^e^re 2 ^ 

Ste 6 r loHIrr d, ' S r er6d tHat if 3 VaCUUm iS aPP ' ied ,0 ,he ap P ar9n,| y S0lid PoVmer-solvent mixture immediately 
after it appears to solidify, a foam w,th a gradient structure having variable pore size and structure as well as channe s 

s a a cntica.teo!nr f ° re ' ^ °' ^ °' * e SUb ' ima,i ° n pr0CeSS ' by P ressure ^ S. va u m d ^ 
affe^S* Th V Pr0C6S ! l ° Cre8te tranSiti ° nS in ,he S,mcture - The timin 9 of the onset of sublimation Z\ be 
aff ected by the thickness of the foam being made, concentration of the solute 

si cm S 3 I r Skil,ed ^ ^ Wi " aPPreCiatS that lhiS pr0cess can be monilored and charactered for 

Se momho^!! h f ^'C 9 f ° amed - By C ° n,r °" in9 the sublima ti°n Process, structures with a gradient in 
,1 P h 9V a "T ° PV may be CreatGd - ThiS pr0CeSS can lead 10 the nation of microstructures that mimic 
tissues such as cartilage, bone and skin. For example, channels will generally be formed if a vacuum is pulled imme 
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diately after the solution apparently solidifies. However, if the same solution is allowed to solidify further the foam will 
have larger pores closer to the surface where the vacuum is being drawn (opposite the heat sink) and smaller pores 
closer to the heat sink. 

[0062] This process is the antitheses of the prior art process that focused on creating foams with a uniform micro- 

s structure (randomly interconnected pores), whereby the whole solution is completely frozen. And vacuum drying is 
applied only after a considerable amount of time is given for the completion of desired phase separation (U.S. Patents 
5,755,792 (Brekke); 5,133,755 (Brekke); 5,716,413 (Walter, et al.); 5,607,474 (Athanasiou, et al.); 5,686,091 (Leong, 
et al.); 5,677,355 (Shalaby, et al.); and European disclosures E0274898 (Hinsch) and EPA 594148 (Totakura)). 
[0063] Foams with various structures are shown in Figures 2, 3, and 4. For example, as shown in Figure 3 the 

10 orientation of the major axis of the pores may be changed from being in the same plane as the foam to being oriented 
perpendicular to the plane of the foam. By way of theory, but in no way limiting the scope of this invention, it is believed 
that this in conventional foam processing as the solvent crystallizes a freezing front moves through the solution solid- 
ifying the solution in crystalline layers parallel to the freezing front. However, if a vacuum is pulled before the solution 
completely freezes, the morphology of the foam results in pores being formed generally aligned parallel to the vacuum 

is source. As is illustrated in Figure 3. 

[0064] As can be seen from Figure 3 the pore size can be varied from a small pore size generally between about 10 
u.m and about 60 |im to a larger size of from about 60 u.m to about 200 |im in a porous gradient foam. Again this results 
from pulling a vacuum on the apparently solidified solution before it is completely solidified. The polymer concentration 
in the solution and the cooling rates are also important parameters in controlling the cell size. Ideally the foam structure 

20 could be created to serve as a template to restore human tissue junctions such as the cartilage to bone junction present 
in joints. This foam would progress form a small round pores to larger column-like (i.e. with a diameter to length ratio 
of at least 2 to 1) pores. Additionally, the stiffness of the foam can controlled by the foams structure or blending two 
different polymers with different Young's moduli. 

[0065] Foams can also have channels as is illustrated in Figure 2. The channels formed by this process may traverse 

25 the thickness of the foam and generally range in diameter from about 30 to about 200 u.m in diameter. The channels 
generally are at least two times the channel's average diameter and preferably are at least four times the channel's 
average diameter and most preferably at least eight times the channel's average diameter. The channel size and 
diameter of course will be selected based on the desired functionality of the channel such as cell invasion, nutrient 
diffusion or as a avenue for vascularization. 

30 [0066] One skilled in the art can easily visualize that such a directionality can be created in any three dimensions by 
designing an appropriate mold and subjecting the walls of such a mold to different temperatures if needed. The following 
types of gradient structures can be made by variation in the pore size and/or shape through the thickness with a uniform 
composition: pores of one type and size for a certain thickness followed by another type and size of pores, etc; com- 
positional gradient with predominantly one composition on one side and another one on the other with a transition from 

35 one entity to the other; a thick skin comprising low porosity of low pore size layer followed by a large pore size region; 
foams with vertical pores with a spatial organization these vertical pores can act as channels for nutrient diffusion the 
making of these in 3D molds to create 3D foams with the desired microstructure combinations of compositional and 
architectural gradient. Generally the foams formed in containers or molds will have a thickness in the range of from 
about 0.25mm to about 100mm and preferably will have a thickness of from about 0.5mm to about 50mm. Thicker 

40 foams can be made but the lyophilization cycle times may be quite long, the final foam structures may be more difficult 
to control and the residual solvent content may be higher. 

[0067] As previously described the inventive process cycle for producing biocompatible foam is significantly reduced 
by performing the sublimation step above the apparent glass transition temperature and below the solidification tem- 
perature of the mixture (preferably just below the solidification temperature). The combined cycle time of (freezing + 

45 primary drying + secondary drying) is much faster than is described in the prior art. For example, the combined cycle 
for aliphatic polyesters using volatile solvents is generally less than 72 hours, preferably less than 48 hours, more 
preferably less than 24 hours and most preferably less than 10 hours. In fact the combined cycle can be performed 
with some aliphatic polyesters in less than 3 hrs for foams of thickness Imm or less; less than 6 hrs for foams of thickness 
around 2 mm and less than 9 hrs for foams of thickness around 3 mm. Compare this with prior art which is typically 

50 72 hours or greater. The residual solvent concentrations in these foams made by this process will be very low. As 
described for aliphatic polyesters foams made using 1 ,4-dioxane as a solvent the residual concentration of 1 ,4-dioxane 
was less than 1 0 ppm (parts per million) more preferably less than 1 ppm and most preferably less than 1 00 ppb (parts 
per billion). 

[0068] One skilled in the art can easily visualize that such a directionality can be created in any three-dimensions 
55 by designing an appropriate mold and subjecting the walls of such a mold to different temperatures if needed. The 
following types of gradient structures can be made by this invention 

1. variation in the pore size and/or shape through the thickness with a uniform composition, 
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2. pores of one type and size for a certain thickness followed by another type and size of pores etc 

Lh°T n Slt v " al f 9radient With P redominant| y °" a compostion on one side and another composition on the other 
with a transition from one entity to the other 

4. a thick skin comprising low porosity of low pore size layer followed by a large pore size region 

fusST W,1h VertiCa ' P ° reS Wi ' h 3 SPatia ' or 9 anizalion - lhese verti ^l Pores can act as channels for nutrient dif- 

6. the making of these in three-dimensional molds to create three-dimensional foams with the desired microstruc- 

7. combinations of compositional and architectural gradient 

Slntnfc 1 ^ 81 !!'' r° US P , r ° teinS (indUdin9 Sh ° rt Chain peptides >' 9 rowth a 9 ents ' chemotatic agents and thera- 
peutic agents (antibiotics, analgesics, antiinflammatories, anti-rejection (e.g. immunosuppressants) and anticancer 

the f^Tth T ,Cl6S ^ ^ add8d 10 f ° amS dUri " 9 Pr0CeSSin * adsorbed onto S or SSSZ 

the foams after the foams are made. For example, the pores of the foam may be partially or completely filled wfth 
biocompat.ble resorbable synthetic pofymers or biopolymers (such as collagen or eLtin) o, "bS£2*I SaSc 

aroSt £2 ; y H df0XyaP ? e) l COmbina,i ° nS ,her60f (,h3t may ° r "W* contain materia^hCn^te 
growth through the device). Suitable materials include but are not limited to autograft, allograft or xenograft bone 

bone marrow monogenic proteins (BMP's), epidermal growth factor (EGF), fibroblas growlh facto^F plaS 
derived growth factor (PDGF), insulin derived growth factor (IGF-I and IGF-I ), transforming growth factors (TGF T 
vascular endothelial growth factor (VEGF) or other osteoinductive or osteoinductive mTnate C^in m 'art B t 
opolymers could also be used as conductive or chemotactic materials, or as de.ivery vehicles for growth factors Ex- 
amp iles could be recombinant or animal derived collagen or elastin or hyaluronic add. Bioacth/e SSS^ZSL 
h 8 T r be , f ttaCh6d ,0 SUrfaCe °' ,hS mat6rials - F0r example < bioactive Peptide s^uence^ (RGD's) 

[0070] In another embodiment of the present invention, the polymers and blends that are used to form the foam can 
contain therapeutic agents. To form these foams, the previously described polymer would be mixed with a therapeutic 
Z IT T" 9 ^ ° f '° aded in, ° the f ° am aft6r " is formed - The °< d ^rent the^SSSS 
!av be .Hrni^t ^"fT* f08mS ° f ,he Present inV6n,ion is vast - 9 enera| . therapeutic agents S 
such t S T r P , harmaCeU,ical c ^P^itions of the invention include, without limitation: antiinfectives 
oesi J a n^n» CS 8 r 3 a9entS; chemo,hera P eu,ic «*■"»■ 0* anticancer agents); anti-rejection agents- anal 
gesics and analgesic combinations; anti-inflammatory agents; hormones such as steroids; growth factors (bone mo - 

^ f MP ' S :; 7) ' b ° ne morph °9 enic - |ika Plains (i.e. GFD-5, GFD-7 and GFD-8) e pidX. growi 

IZrJt J } tfanS,ormin 9 9rowth factors (i.e. TGF-p l-lll), vascular endothelial growth factor (VEGF))- and other 
naturally derived or genetically engineered proteins, polysaccharides, glycoproteins, or lipoproteins These growth 

imes, published by R.G. Landes Company hereby incorporated herein by reference 

[0071] Foams containing bio-active materials may be formulated by mixing one or more therapeutic agents with the 
polymer used to make the foam or with the solvent or with the polymer-solvent mixture and formed a 
herapeutic agent could be coated on to the foam preferably with a pharmaceutical^ acceptable carrier * 

E. « V pha r aC ( e T a ' Carrier can be used ,hat does not dj asolve the foam. The therapeutic agents, may be 
present as a liquid, a finely divided solid, or any other appropriate physical form. Typically, but optionally the matrix 
w,N include one or more additives, such as diluents, carriers, excipients, stabilizers or the like 

amount of therapeutic agent will depend on the particular drug being employed and medical condition 

0 00? Lrtnt XT °' drU9 representS about 0 001 percent to abo * ™ percent, more typical* about 

0.001 1 percent to about 50 percent, most typically about 0.001 percent to about 20 percent by weight of the maL The 

[0074] Upon contact with body fluids the drug will be released. If the drug is incorporated into the foam then as the 
foam undergoes gradual degradation (mainly through hydrolysis) the drug will be released. This can resTh prolonged 
de , very (over, say 1 to 5,000 hours, preferably 2 to 800 hours) of effective amounts (say, 0.0001 mgS> r to S 
kg/hour) of the drug. This dosage form can be administered as is necessary depending on the s^eTbeing t e2 

h^ 

tnose skilled in the art will be able to prepare a variety of formulations 

[0075] The foam may also serve as a scaffold for the engineering of tissue. The porous gradient structure would be 

oaueX nr 9r °T ° f Ce " S - AS ° Utlined " Pr6ViOUS Pat6n,S ( ^ Can,i ' U S - 5 ' 770 ' 417 ^ ce " s ca " be ha^eTfl a 
patient (beforeor during surgery to repair the tissue) and the cells can be processed under sterile conditions to prclTde 
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a specific cell type (i.e., pluripotent cells, stem cells or precursor cells such as the mesenchymal stem cells described 
in Caplan, U.S. 5,486,359, etc.). Suitable cell that may be contacted or seeded into the foam scaffolds include but are 
not limited to myocytes, adipocytes, fibromyoblasts, ectodermal cell, muscle cells, osteoblast (i.e. bone cells), chondro- 
cyte (i.e. cartilage cells), endothelial cells, fibroblast, pancreatic cells, hepatocyte, bile duct cells, bone marrow cells, 

s neural cells, genitourinary cells (including nephritic cells) and combinations thereof. Various cellular strategies could 
be used with these scaffolds (i.e., autogenous, allogenic, xenogeneic cells etc.). The cells could also contain inserted 
DNA encoding a protein that could stimulate the attachment, proliferation or differentiation of tissue. The foam would 
be placed in cell culture and the cells seeded onto or into the structure. The foam would be maintained in a sterile 
environment and then implanted into the donor patient once the cells have invaded the microstructure of the device. 

io The in vitro seeding of cells could provide for a more rapid development and differentiation process for the tissue. It is 
clear that cellular differentiation and the creation of tissue specific extracellular matrix is critical for the tissue engineering 
of a functional implant. 

[0076] The option for seeding different cell types into the different pore structures would be available to investigators. 
Schaufer et al., have demonstrated that different cell types (i.e. stromal cells and chondrocytes) can be cultured on 

1$ different structures. The structures can be combined after a short period of time and the entire structure can be placed 
back in cell culture so a biphasic tissue structure can be generated for implantation. A gradient structure would also 
allow for co-cultured tissue scaffolds to be generated. (Schaef er, D. et al.). Additionally, radio-opaque markers may be 
added to the foams to allow imaging after implantation. After a defined period of in vitro development (for example 3 
weeks), the tissue engineered implant would be harvested and implanted into the patient. If an acellular strategy is 

20 pursued, then the sterile acellular scaffolds would be used to replace damaged or traumatized tissue. 

[0077] The foam scaffolds of the present invention may be sterilized using conventional sterilization process such 
as radiation based sterilization (i.e. gamma-ray), chemical based sterilization (ethylene oxide) or other appropriate 
procedures. Preferably the sterilization process will be with ethylene oxide at a temperature between 52-55°C for a 
time of 8 hours or less. After sterilization the foam scaffolds may be packaged in an appropriate sterilize moisture 

2S resistant package for shipment and use in hospitals and other health care facilities. 

[0078] The following examples are illustrative of the principles and practice of this invention, although not limited 
thereto. Numerous additional embodiments within the scope and spirit of the invention will become apparent to those 
skilled in the art. 

30 Examples 

[0079] In the examples which follow, the polymers and monomers were characterized for chemical composition and 
purity (NMR, FT-IR), thermal analysis (DSC), molecular weight (inherent viscosity), and baseline and in vitro mechanical 
properties (Instron stress/strain). 

35 [0080] 1 H NMR was performed on a 300 MHz NMR using CDCI 3 or HFAD (hexafluoroacetone sesqua deutrium 
oxide) as a solvent. Thermal analysis of segmented polymers and monomers was performed on a Dupont 912 Differ- 
ential Scanning Calorimeter (DSC). Inherent viscosities (I.V., dl_/g) of the polymers and copolymers were measured 
using a 50 bore Cannon-Ubbelhode dilution viscometer immersed in a thermostatically controlled water bath at 25°C 
utilizing chloroform or hexafluoroisopropanol (HFIP) as the solvent at a concentration of 0.1 g/dL 

40 [0081] In these examples certain abbreviations are usde such as PCL to indicate polymerized e-caprolactone, PGA 
to indicate polymerized glycolide, PLA to indicate polymerized (L)lactide. Additionally, the percentages in front of the 
copolymer indicates the respective mole percentages of each constituent. 

Example 1 

45 

Preparation of a foam with random microstructure (no preferred architecture) 

Step A. Preparing 5% wt./wt. homogeneous solution of 35/65 PCL/PGA in 1 ,4-Dioxane 

so [0082] A 5 % wtVwt. polymer solution is prepared by dissolving 1 part of 35/65 PCL/PGA with 1 9 parts of the solvent 
- 1,4-dioxane. The 35/65 PCL/PGA copolymer was made substantially as described in Example 8. The solution is 
prepared in a flask with a magnetic stir bar. For the copolymer to dissolve completely, it is recommended that the 
mixture is gently heated to 60 ± 5°C and continuously stirred for a minimum of 4 hours but not exceeding 8 hours. A 
clear homogeneous solution is then obtained by filtering the solution through an extra coarse porosity filter (Pyrex 

55 brand extraction thimble with fritted disc) using dry nitrogen to help in the filtration of this viscous solution. 
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Step B. Lyophilization 

[0083] A laboratory scale lyophilizer - Freezemobile 6 of VIRTIS was used in this experiment. The freeze dryer is 
powered up and the shelf chamber is maintained at 20»C under dry nitrogen for approximately 30 minutes Thermo- 
couples to mentor the shelf temperature are attached for monitoring. Carefully fill the homogeneous polymer solution 
prepared ,n Step A. into the molds just before the actual start of the cycle. A glass mold was used in this example but 
a mold made of any material that is inert to 1 ,4-dioxane; has good heat transfer characteristics; and has a surface that 
enables ihe easy removal of the foam can be used. The glass mold or dish used in this example weighed 620 grams 
was optical glass 5.5mm thick, and cylindrical with a 21cm outer diameter and a 19.5cm inner diameter. The lip height" 
of the d.sh was 2.5cm. Next the following steps are followed in a sequence to make a 2mm thick foam: 

(i) . The glass dish with the solution is carefully placed (without tilting) on the shelf of the lyophilizer, which is main- 
tained at 20*C. The cycle is started and the shelf temperature is held at 20°C for 30 minutes for thermal conditioning. 

(ii) . The solution is then cooled to -5°C by cooling the shelf to -5 0 C. 

(Hi). After60 minules of freezing at -5°C, a vacuum is applied to initiate primary drying of the dioxane by sublimation 
One hour of primary drying under vacuum at -5»C is needed to remove most of the solvent. At the end of this drying 
stage typically the vacuum level reached about 50 mTorr or less. 

(iv) . Next secondary drying under a 50 mTorr vacuum or less was done in two stages to remove the adsorbed 
dioxane^ In the first stage, the sheff temperature was raised to 5»C and held at that temperature for 1 hour At the 
end of the first stage the second stage of drying was begun. In the second stage of drying, the shelf temperature 
was raised to 20°C and held at that temperature fori hour. nperaiure 

(v) . At the end of the second stage, the lyophilizer is brought to room temperature and the vacuum is broken with 
nitrogen. The chamber is purged with dry nitrogen for approximately 30 minutes before opening the door. 

[0084] The steps described above are suteble for making foams that are about 2mm thick or less. As one skilled in 
the art would know, the conditions described herein are typical and operating ranges depend on several factors e q • 
concentration of the solution; polymer molecular weights and compositions; volume of the solution; mold parameters- 
machine variables hke cooling rate, heating rates; and the like. Figure 1 shows a SEM of a cross section of the foam 

oHWsToam Pr0 ° eSS ,0fth thiS eXamP ' e ' N ° te fand0m micros,ruc,ure ( no1 a P re ^red architecture) 

Example 2 

Preparation of a foam with vertical channels 

[0085] This example describes the making of a 35/65 PCL/PGA foam with vertical channels that would provide path- 
ways for nutrient transport and guided tissue regeneration. 

[0086] We used a FTS Dura Dry Freeze dryer with computer control and data monitoring system to make this foam 

T™£o^?£? araUOn ° f ,hiS <0am W3S 10 9enera,e 3 h o™geneous solution. A 1 0% wt./wt. homogeneous solution 

clSl! H a t ma ?! '? 3 T" 6 ' Simi ' ar t0 th8t d8SCribed in Example 1 ■ SteD A ' The P 0| y™ r ^ion was 

carefully filled into a dish , just before the actual start of the cycle. The dish weighed 620 grams, was optical glass 5 5mm 

thick, and cylindrical with a 21cm outer diameter and a 19.5cm inner diameter. The lip height of the dish was 2 5cm 

Next the followmg steps are followed in sequence to make a 2mm thick foam with the desired architecture: 

(i) . The solution filled dish was placed on the freeze dryer shelf that was precooled to -1 7"C The cycle was started 
and the shelf temperature was held at -17°C for 15 minutes quenching the polymer solution. 

(ii) . After 15 minutes of quenching to -17«C, a vacuum was applied to initiate primary drying of the dioxane by 
sublimation and held at 1 00 milliTorr for one hour. V 

(iii) . Next, secondary drying was done at 5°C for one hour and at 20°C for one hour. At each temperature the 
vacuum level was maintained at 20 mTorr. 

(iv) . At the end of the second stage, the lyophilizer was brought to room temperature and the vacuum was broken 
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with nitrogen. The chamber was purged with dry nitrogen for approximately 30 minutes before opening the door. 

[0087] Figure 2 is a SEM picture that shows a cross section of the foam with vertical channels. These channels run 
through the thickness of the foam. 

5 

Example 3 

Architecturally gradient foam 

w [0088] This example describes the making of a foam that has a gradient in foam morphology as shown in Figure 3 
using a 10% solution of 35/65 e-caprolactone-co-glycolide. The method used to make such a foam is similar to the 
description given in Example 2 with one difference. In step (ii) of the lyophilization process the time for which the 
solution is kept at the freezing step is 30 minutes. 

[0089] Figure 3 is a scanning electron micrograph of a cross section of this foam. Note the variation in the pore size 
15 and pore shape through the thickness of the foam. 

Example 4 

Transcompositional foam 

20 

[0090] This example describes the making of a foam that has a compositional gradient and not necessarily a mor- 
phological gradient. Such a foam is made from polymer solutions that have been made from physical mixtures of two 
or more polymers. This example describes a transcompositional foam made from 35/65 PCL/PGA and 40/60 PCL/PLA 

25 step A. Preparing a solution mixture of 35/65 PCL/PGA and 40/60 PCL/PLA in 1 ,4-Dioxane 

[0091] In the preferred method the two separate solutions are first prepared (a) a 10% wt/wt polymer solution of 
35/65 PCL/PGA and (b) a 10% wt/wt 40/60 PCL/PLA. Once these solutions are prepared as described in Example 1 , 
equal parts of each solution was poured into one mixing flask. The polymers used to make these solutions are described 
30 in Examples 8 and 9. A homogeneous solution of this physical mixture was obtained by gently heating to 60 ± 5°C and 
continuously stirring using a magnetic stir bar for approximately 2 hours. 

Step B. Lyophilization cycle 

35 [0092] We used an FTS Dura Dry Freeze dryer with computer control and data monitoring system to make this foam. 
The first step in the preparation of such a foam was to generate a homogeneous solution as described in Step A. The 
solution was carefully filled into a dish just before the actual start of the cycle. The cylindrical glass dish weighed 117 
grams, was optical glass 2.5mm thick and cylindrical with a 100mm outer diameter and a 95mm inner diameter. The 
lip height of the dish was 50mm. Next the following steps were followed in sequence to make a 25mm thick foam with 

40 the transcompositional gradient: 

(i). The solution filled dish was placed on the freeze dryer shelf and the solution conditioned at 20°C for 30 minutes. 
The cycle was started and the shelf temperature was set to -5°C with a programmed cooling rate of 0.5°C/min. 

45 (jj). The solution was held at the freezing condition (-5°C) for 5 hours. 

(iii) . vacuum was applied to initiate primary drying of the dioxane by sublimation and held at 100 milliTorr for 5 hours. 

(iv) . Next, secondary drying was done at 5°C for 5 hours and at 20°C for 1 0 hours. At each temperature the vacuum 
so level was maintained at 20 mTorr. 

(v) . At the end of the second stage, the lyophilizer was brought to room temperature and the vacuum was broken 
with nitrogen. The chamber was purged with dry nitrogen for approximately 30 minutes before opening the door. 

55 [0093] The foam has a gradient in chemical composition which is evident from a close scrutiny of the foam wall 
morphology as shown in Figure 4, 5 and 6. The gradient in the chemical composition was further supported by NMR 
data as detailed below: 

[0094] Foam sample produced by the above method and which was approximately 25 mm thick was characterized 
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for mole % composition. The foam sample is composed of a physical blend of PCL7PLA and PCL/PGA. Slices of the 
foam sample were prepared and analyzed to confirm that the material was a compositional gradient. The sample slices 
were identified as 1) foam I A (top slice), 2) foam IB (top middle slice), 3) foam IC (bottom middle slice), 4) foam ID 
(bottom slice). The NMR sample preparation consisted of dissolving a 5mg of material into 300uL hexafluoroacetone 
sesqua deutrium oxide (HFAD) and then diluting with 300 ul of C6D6. 



1H NMR Results: Mole % Composition 


Sample ID 


PLA 


PGA 


PCL 


Foam I A 


47.2 


12.4 


40.5 


Foam IB 


12.3 


51.3 


36.5 


Foam IC 


7.7 


56.5 


35.8 


Foam ID 


7.8 


56.3 


35.8 



[0095] The NMR results indicate that the foam samples have a gradient with respect to composition. The top layer 
of the foam is high in PLA concentration (47 mole %), whereas the bottom layer of the foam is high in PGA concentration 
(56 mole %). These results suggest that the PCUPGA copolymer and the PCL/PLA copolymer have differences in 
their phase separation behaviors during the freezing step and formed a unique compos itionally gradient foam. 

Example 5 

Transstructural foam 

[0096] This example describes the making of a foam that has a compositional and structural gradient and not nec- 
essarily a morphological gradient. Such a foam is made from polymer solutions that have been made by physical 
mixtures of two or more polymers. This example describes a transcompositional foam made from 35/65 PCL/PLA (as 
described in Example 9) and 95/5 PLA/PCL (a random copolymer with an IV of 1.8 in HFIP measured as described 
herein). Note, 35/65 PCL/PLA is a soft elastomeric copolymer while 95/5 PLA/PCL is a relatively stiff copolymer. The 
combination of the two provides a compositional as well as structural gradient. This foam is made using the steps 
outlined in Example 4 starting from a homogeneous 50/50 physical mixture of a 10% wt./wt. solution of 35/65 PCU 
PLA and 10% wt./wt. Solution of 95/5 PLA/PCL in 1,4 dioxane. Such a transcompositional foam will provide a good 
template for tissue junctions such as bone-cartilage interfaces. 

Example 6 

Cell culture and differentiation data 

[0097] Films made from 95/5 P LA/PGA, 90/10 PGA/PLA, 95/5 PLA/PCL, 75/25 PGA/PCL and 40/60 PCL/PLA were 
tested. Tissue culture polystyrene (TCPS) was used as a positive control for all the assays. Before testing, polymer 
discs were positioned at the bottom of a 24-well ultralow cluster dish and were pre-wetted in growth media for 20 min. 
[0098] The 95/5 PLA/PGA copolymer used in this example was a random copolymer with an IV of 1 .76 as determined 
in HFIP at 25°C, which is currently used in Panacryl™ suture (Ethicon Inc., Somerville, New Jersey). The 90/10 PGA/ 
PLA copolymer was a random copolymer with an IV of 1 .74 as determined in HFIP at 25°C, which is currently used in 
Vicyl™ suture (Ethicon Inc., Somerville, New Jersey). The 95/5 PLA/PCL polymer was made as described in Example 
10, with an IV of 2.1 as determined in HFIP at 25°C. The 75/25 PG/PCL copolymer is a segmented block copolymer 
with an IV of 1.85 and is described in US Patent 5,133,739 this copolymer is currently used in Monocryl™ sutures 
(Ethicon Inc., Somerville, New Jersey). The 40/60 PCL/PLA copolymer used in this Example was made as described 
in Example 9 and had an IV of 1 .44. 

[0099] Ce//attachment and proliferation: Cells were seeded at 40,000/well in 24-well ultralow cluster dishes (Corning) 
containing the polymers. The ultralow cluster dishes are coated with a layer of hydrogel polymer, which retards protein 
and cell adhesion to the wells. Cell attachment to the biopolymers was determined following 24 hrs of incubation (N=3 
for each polymer). The attached cells were released by trypsinization and the number of cells was determined using 
a heamacytometer. Cell proliferation was assessed by determining cell counts at days 3 and 6 following seeding. 
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Differentiation assays: 

[0100] Alkaline phosphatase activity: Alkaline phosphatase activity was determined by a colorimetric assay using p- 
nitrophenol phosphate substrate (Sigma 104) and following manufacturers instruction. Briefly, cells were seeded on 

s the films or meshes at a density of 40,000 cells/well and incubated for 1 , 6, 14, and 21 d. Once cells reached confluence 
at day 6 they were fed with mineralization medium (growth medium supplemented with 10mM p-glycerophosphate, 50 
u,g/ml ascorbic acid). Alkaline phosphatase activity was determined in cell homogenates (0.05% Triton X-100) at the 
above time points. The quantity of protein in cell extracts was determined by micro BCA reagent from Pierce. Primary 
rat osteoblasts cultured on films and meshes were also stained for membrane-bound alkaline phosphatase using a 

to histochemical staining kit (Sigma). For all the films and meshes three samples per group were tested. 

[0101] Osteocalin ELISA: Osteocalcin secreted into the medium by osteoblasts cultured on various films was quan- 
tified by ELISA (Osteocalcin ELISA kit, Biomedical Technologies Inc, Boston). Aliquots of media from the wells con- 
taining the polymer films were lyophilized prior to measurements of this protein by ELISA. Three samples for each 
polymer were tested and the ELISA was repeated twice. 

15 

Von Kossa staining 

[0102] Three samples for each polymer were stained for mineralized tissue using Von Kossa silver nitrate staining. 

20 Expression of alkaline phosphatase and osteocalcin mRNAs 

[0103] The expression of alkaline phosphatase and osteocalcin mRNAs in cells was assessed by semi-quantitative 
reverse transcriptase polymerase chain reaction (RT-PCR) using RNA extracted from cells cultured for 21 d on the 
films. Seven days after seeding, the culture media was replaced with mineralization media (3 mM p-glycerophosphate 

25 and 50 u.g/ml of ascorbic acid were added). The cells were cultured for additional 2 weeks, for a total period of 3 weeks. 
Total RNA was extracted from four samples per group using a RNeasy mini kit provided by Qiagen. The quality and 
amount of total RNA was measured for each polymer group. Total RNA was reverse transcribed to obtain cDN A using 
a reverse transcriptase reaction (Superscript II, Gibco). The cDNAs for osteocalcin, alkaline phosphatase, and Glyc- 
eraldehyde-3-phosphate-dehydrogenase (GAPDH) were amplified using a PCR protocol described previously (GIBCO 

30 BRL manufacturers instruction). The primer sequences (Table I) for osteocalcin, alkaline phosphatase, and GAPDH 
were obtained using the FASTA program (Genetic Computer Group, Madison, Wl). Preliminary studies were also con- 
ducted to optimize the number of PCR cycles for each primer (Table II), and to determine the range of RNA, which 
exhibits proportionality to cDNA. The PCR products were electrophoreses on 1% (wt) agarose gels containing ethidium 
bromide. The gels were photographed under UV light and were evaluated by densitometry for the expression of oste- 

35 ocalcin and alkaline phosphatase mRNAs relative to GAPDH. 

Statistical Anlysis 

[0104] Analysis of variance (ANOVA) with Tukey post hoc comparisons was used to assess levels of significance 
40 for all the assays. 



Table I. 



so 



Primers used in RT-PCR 


Gene 


Species 


Forward primer 


Reverse primer 


Size (bp) 


Alkaline 


Rat 


5' 


5' 


379 


phosphatase 




ATCGCCTATCAGCTAAT 


GCAAGAAGAAGCCTTT 








GCAC 


GGG 




Osteocalcin 


Rat/Human 


5'CAACCCCAATTGTGA 


5' 


339 






CGAGC 


TGGTGCGATCCATCAC 










AGAG 




GAPDH 


Mouse/ Human/ Rat 


5'ACCACAGTCCATGCC 


5TCCACCACCCTGTT 


452 






ATCAC 


GCTGTA 





55 
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Table II 



PCR optimization cycles 


Gene 


c D na W 


Cycles 


Alkaline 


1 


25 


phosphatase 






Osteocalcin 


1 


35 


GAPDH 


1 


23 



Results 



[0105] Cell attachment and proliferation on bioresorbable polymers: No observable difference in cell morphology 
was evident between the various polymer films and as compared to TCPS. Cell attachment to the various biopolymer 

SSSSTiST S TCPS f ,f owing 24 h of incuba,ion - At day 3 - cells proli,erated we " on al1 films wtth ,he «<i°n 

of 40/60 PCL/PLA, where proliferation was 60% relative to TCPS. Furthermore, 95/5 PLA/PGA and 90/10 PGA/PLA 
films supported a significantly (p<0.05) higher degree of cell proliferation compared to TCPS and 40/60 PCUPLA (Fig 



Differentiation assay: 



10 1 06 ' Alkaline phosphatase enzyme activity: The profile for alkaline phosphatase activity expressed by osteoblasts 
cuKured on 95/5 PLA/PGA, 90/10 PGA/PLA and 95/5 PLA/PCL films was similar to the profile observed on TCPS 

P A Tf^o^nTf 0 aC,iVilieS WGre si 9 nifican,| y (P< 005 > elevated for osteoblasts cultured on 40/60 PCU 
PLA and 75/25 PGA/PCL films at days 1 4 and 21 , respectively, compared to other films and TCPS (Fig. 7B) 

Expression of alkaline phosphatase and osteocalcin mRNA: 

£J!! p, A T /p e ^n^°l 0 i? lRNAS f ° r a ' kaline P hos P hatase - osteocalcin, and GAPDH for osteoblasts cultured on the 

Sited i rl ' 5? 95/5 PLA/ PCL fi ' mS ' and TCPS Were evalua,ed b V densitometry The results are 

depicted n Fig 7C. It should be noted that the data in Fig. 7B is at best semiquantitative. Nevertheless the data 
suggests that 40/60 PCU PLA film supported significantly (p<0.05) higher levels of osteocalcin expression compared 
to TCPS. The rest of the polymer surfaces were equivalent to TCPS for both osteocalcin and AP mRNAs expression. 

Conclusions 



[0108] No major differences were observed with respect to cell attachment and proliferation between the different 
IZZ tf ! ° r T 63 t6S,ed ,0 " OWin9 6 dayS ° f inCUbatioa Furth *™ore, the results indicate that differences 
ppup! a If 86 T If m ° re ° bVi ° US With r6SpeCt t0 ,heir differentiation characteristics. Cells cultured on 40/60 

T,™ *^rp?T Ced alka ' ine P h0S P ha,ase activi, V and osteocalcin mRNA expression compared to other 

films and TCPS following 14 and 21 days of incubation, respectively. 

[0109] References that may be referred to for a more complete understanding of this techniques include M A 

TZLn^TTl T ( \° Wen ' M S ' TaSSlnari ' G S - S,6in 3nd J a Lia " : ,Factors tha < P--ote progressive 
f oorT ,1 r°l MaSl phenot yP e in cultured fetal rat calvaria cells: Journal of Cellular Physiology, 143- 213-221 

ixnl I" I ' f " L Jf t B " and ° Wen ' 1 A - " Relationshi P ol cell growth to the regulation of tiZ^pecific gene 
expression during osteoblast differentiation" FASEB, 4, 31 1 1 -31 23 (1 990). 

Example 7 



In vivo Study of Foam Blend in Swine Dermal Wound Healing Model 

S Ih 1 , ThiS eXamP ' e d6SCribeS reSU ' tS ° f im P' an,in 9 a 1 ™. 0.5mm thickness foam tissue scaffolding in a swine 
ull th.ckness excsional wound model. The foam tissue scaffold was made from a blend of 40/60 e-caprolactone-co- 
tactide made as described in Example 8 and 35/65 e-caprolactone-co-glycolide described in Example 9. These poly- 
mers were blended together and formed into Imm and 0.5 mm foams substantia^ as described in Example 3 (except 
hat the coolrng rate was 2.5°C per minute and it was cooled only to -5»C). Scanning electron micrographs of a 0 5mm 
foam are presented ,n Figures 9A, 9B and 9C. The two thickness (0.5mm and 1 mm) of foams were then tested in the 
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wound excisional model with and without PDGF being provided. The resulting four different samples were then eval- 
uated. 

[0111] A blinded histologic evaluation was performed on 48 full thickness excisional wounds from four pigs (1 2 sites 
per animal) explanted at 8 days following wounding. The assessment was performed on H&E stained slides. During 
5 the histologic assessment, the following parameters were ranked/evaluated across the specimen set 1 ) cellular invasion 
of the matrix qualitative and quantitative assessments 2) infiltration of polymorphonuclear leukoctyes (PMNs) into the 
contact zone (ventral surface) of the matrix, 3) inflammation in the granulation tissue bed below (ventral to) the matrix, 
4) reaction of the epidermis to the matrix, and 5) degree of fragmentation of the matrix. 

10 Animal Husbandry: 

[0112] The pigs were housed individually in cages (with a minimum floor area of 10-sq. ft.) and given identification. 
All pigs were assigned an individual animal number. A tag was placed on each individual animal cage listing the animal 
number, species/strain, surgical date, surgical technique and duration of the experiment and date of euthanasia. Each 
15 animal was clearly marked with an animal number on the base of the neck using a permanent marker. 

[0113] The animal rooms were maintained at the range of 40 to 70% R.H. and 15 to 24°C (59.0 to 75.2°F). The 
animals were fed with a standard pig chow once per day, but were fasted overnight prior to any experimental procedure 
requiring anesthesia. Water was available ad libitum. A daily light:dark cycle of 12:12 hours was adopted. 

20 Anesthesia: 

[0114] On the initial day of the study, days of evaluation and the day of necropsy, the.animals were restrained and 
anesthetized with either an intramuscular injection of Tiletamine HCI plus Zolazepam HCI (Telazol®, Fort Dodge Animal 
Health, Fort Dodge, Iowa 4 mg/ml) and Xylazine (Rompun®, Bayer Corporation, Agriculture Division, Animal Health, 
25 Shawnee Mission, Kansas, 4mg/ml) or Isoflurane (AErrane® Fort Dodge Animal Health, Fort Dodge, Iowa) inhalatory 
anesthesia (5% vol.) administered via a nose cone. When the animal was in the surgical suite, it was maintained on 
Isoflurane (AErrane®) inhalatory anesthesia (2% vol.) administered via a nose cone. Food was available after recovery 
from each procedure. 

30 Preparation of the Surgical Site: 

[0115] One day prior to the surgical procedure, body weights were measured and the dorsal region of four pigs were 
clipped with an electric clipper equipped with a #40 surgical shaving blade. The shaved skin was then re-shaved closely 
with shaving cream and a razor and then rinsed. The shaved skin and entire animal (excluding the head) was then 

35 scrubbed with a surgical scrub brush-sponge with PCMX cleansing solution (Pharmaseal® Scrub Care® Baxter Health- 
care Corporation, Pharmaseal Division, Valencia, California) and then with HIBICLENS® chlorhexidine gluconate 
(available from COE Laboratories, Incorporated, Chicago, Illinois). The animal was wiped dry with a sterile towel. Sterile 
NU-GAUZE* gauze (from Johnson & Johnson Medical Incorporated, Arlington, Texas) was placed over the dorsal 
surface of each animal and secured with WATERPROOF* tape (available from Johnson & Johnson Medical Incorpo- 

40 rated, Arlington, Texas). The entire torso region of the animal was then wrapped with Spandage™ elastic stretch band- 
age (available from Medi-Tech International Corporation, Brooklyn, New York) to maintain a clean surface overnight. 
[0116] On the day of surgery, immediately prior to delivering the animal to the surgical suite, the dorsal skin was 
again scrubbed using a surgical scrub brush-sponge with PCMX cleansing solution (Pharmaseal® Scrub Care®), 
rinsed and wiped dry using a sterile towel, as performed on the previous day. The animals were placed prone on the 

45 surgical table and wiped with 70% alcohol and dried with sterile gauze. Using a sterile surgical marker (availabe from 
Codman® a division of Johnson & Johnson Professional Incorporated, Raynham, Massachusetts) and an acetate 
template, marks were made on the dorsal skin according to the desired placement of each full-thickness wound. 

Surgical Procedure: 

50 

[0117] Following anesthesia, under sterile conditions, twelve (12) full-thickness excisions (1.5 x 1.5 cm) per animal 
were made in two rows parallel to the spinal column on the left and right dorsal regions using a scalpel blade. A pair 
of scissors and/or scalpel blade was used to aid in the removal of skin and subcutaneous tissue. Bleeding was controlled 
by use of a sponge tamponade. Sufficient space was left between wounds to avoid wound-to-wound interference. The 
55 excised tissue was measured for thickness using a digital caliper. 
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Application of the Treatment and Dressing: 

[0118] Each wound was submitted to a prepared, coded treatment regimen (study participants were blinded to all 
reatments). The primary dressing consisting of the sterile individual test article (1 .5 x 1 .5 cm soaked in sterile saline 
for 24 hours) was placed into the wound deficit in a predetermined scheme. The secondary dressing, a non-adherent 
saline soaked, square of RELEASE* dressing (manufactured by Johnson & Johnson Medical Incorporated Arlington' 
Texas) was placed on top of the test article. A layer of BIOCLUSIVE* dressing (available from Johnson & Johnson 
Medical Incorporated, Arlington, Texas) was sealed over the wounds to keep the wound moist and the dressing in 
p ace^Strips of Reston™ (3M Medical-Surgical Division, St. Paul, Minnesota) polyurethane self-adhering foam were 
placed between the wounds to avoid cross<:ontamination due to wound fluid leakage, and to protect the wounds from 
damage and the dressing from displacement. A layer of NU-GAUZE* gauze was placed on top of the BIOCLUSIVE* 
dressing and Reston™ foam, and was secured with WATERPROOF* tape to protect the dressings. The animals were 
then dressed with Spandage™ elastic net to help keep the dressings in place. 

[0119] The secondary dressings were removed and replaced daily with a fresh piece of saline soaked RELEASE* 
secondary dressing. The primary dressings (test articles) were not disturbed unless the unit was displaced or pushed 
out of the wound deficit. K 

POST-OPERATIVE CARE AND CLINICAL OBSERVATIONS: 

[0120] After performing the procedures under anesthesia, the animals were returned to their cages and allowed to 
recover. The animals were given analgesics (buprenorphine hydrochloride [Buprenex Injectable, 0 01 mq/kq iml sold 
by Reckitt & Colman Products, Hull, England) immediately post-surgery and the following day. After recovering from 
anesthesia, the pigs were observed for behavioral signs of discomfort or pain. No signs of pain were observed 
[0121] Each Pl g was observed twice daily after the day of surgery to determine its health status on the basis of 
general attitude and appearance, food consumption, fecal and urinary excretion and presence of abnormal discharges. 

EUTHANASIA: 

[0122] At the end of the study (8 days post-wounding), each animal was euthanized under anesthesia with an in- 
travenous injection of (1 ml/1 0 pounds body weight) Socumb™ pentobarbital sodium and phenytoin sodium euthanasia 
solution (sold by The Butler Company, Columbus, Ohio) via the marginal ear vein. Following euthanasia, the animals 
were observed to ensure that respiratory function had ceased and there was no palpable cardiac function A stetho- 
scope facilitated the assessment for the lack of cardiac function. 

TISSUE HARVESTING: 

[0123] Immediately following euthanasia, each wound, together with the underlying fat and a small portion of sur- 
rounding skin was excised. The tissue was placed in 10% neutral buffered formalin. 

EVALUATIONS: 

Visual Wound Assessment: 

[0124] General observations were recorded for days 1 -3, including displacement, wound reaction and physical char- 
acteristics of the scaffold. Detailed clinical evaluations were performed on days 4 - 8 post-wounding. Assessments 
were recorded as to the presence/absence (yes = 1/no = 0) and/or degree (given a score) of the following parameters: 

Dressing Conditions: air exposed, displacement of test article, channeling, communication and moisture content 
of the RELEASE* secondary dressing(scored as: 4=moist, 3=moist/dry, 2=dry/moist, 1=dry) 
Wound Bed Conditions- moisture content of test article (scored as: 4=moist, 3=moist/dry, 2=dry/moist 1=dry) 
inflammation (scored as: 3=severe, 2=moderate, 1. slight, 0=none), reinjury (scored as: 3=severe, 2=moderate 
1- slight, 0=none), clots, folliculitis, infection, level of test article (scored as: 4=super raised, 3=raised 2=even 
1=depressed), fibrin (scored as: 3=severe, 2=moderate, 1= slight, 0=none), and erythema. Color of the test article 
was also observed. 

TISSUE PROCESSING: 

[01 25] Excised tissue samples were taken at day eight. The entire wound was harvested and placed into 1 0% neutral 
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buffered formalin. The tissue was prepared for frozen sections. The tissue was trimmed and mounted onto the object 
holder with Tissue-Tek® OCT Compound (sold by Sakura Finetechnical Company, Limited, Tokyo, Japan) and quickly 
frozen. The specimens were sectioned on the cryostat at 10 u.m and stained with a frozen H&E stain. 

5 HISTOLOGICAL ASSESSMENTS (Day 8 post-wounding): 

[0126] Histological evaluations for granulation tissue (area and length) and epithelialization were assessed using 
H&E stained specimens using a magnification of 20-40X. Granulation tissue height was determined by dividing the 
area by the length. 

10 [0127] Histopathological evaluation of the tissue samples was assessed using the H&E stained specimens, they 
were first assessed under 100x to 400x magnification. 

RESULTS 

15 [0128] There was cellular invasion into the interstices of the matrix in the majority of all test sites. In the majority of 
sites this invasion was true tissue ingrowth comprised of varying populations of fibroblasts, macrophages, macrophage 
giant cells, and endothelial-like cells, there also appeared to be capillary formation. Significant formation of dense 
fibrous connective tissue layer dorsal to the matrices essentially embedding the matrices in the tissue, was seen at 
several sites for the 0.5mm foams with and without PDGR The 1mm matrices were either at the surface of the tissue 

20 bed or sloughed. Macrophage giant cell formation seemed to be greater in the 0.5mm versus the 1 mm foam scaffolds. 
In sites where the 1mm foam was being sloughed or partially separated from the underlying granulation tissue there 
was death of the invading cells forming masses of pyknotic cell debris. 

[0129] Complete incorporation of the matrix into the granulation tissue bed was seen at several sites for the 0.5mm 
foam scaffoldings. Figures 10 and 11 illustrate the incorporation of these matrices into the granulation tissue bed. 
25 Figure 1 0 is a dark filed 40X pictomicrograph of a trichrome stained tissue sample. 

[01 30] Figure 11 is a 1 00X composite photomicrograph of a trichrome stained sample illustrating the cellular invasion 
of a foam containing PDGR Complete incorporation of the matrices into the granulation tissue bed is evident in both 
pictures. The dense fibrous tissue above the foam scaffolding is evident in both pictures. These results indicate the 
0.5mm foams will provide a suitable substrate for the growth of epidermal tissue. 

30 

Example 8 

Synthesis of a Random Poly(e-caprolactone-co-glycolide) 

35 [0131] A random copolymer of e-caprolactone-glycolide with a 35/65 molar composition was synthesized by ring 
opening polymerization reaction. The method of synthesis was essentially the method described in U.S. Patent 
5,468,253 in Example 6 (which is hereby incorporated herein by reference). The amount of diethylene glycol initiator 
added was adjusted to 1 . 1 5 mmole/mole of monomer to obtain the following characteristics of the dried polymer: The 
inherent viscosity (I.V.) of the copolymer was 1 .59 dL7g in hexafluoroisopropanol at 25°C. The molar ratio of PCL/PG A 

40 was found to be 35.5/64.5 by proton NMR with about 0.5% residual monomer. The glass transition (Tg) and the melting 
points (Tm) of the copolymer were found to be -1°C, 60°C and 126°C respectively, by DSC. 

Example 9 

45 Synthesis of 40:60 Poly(e-caprolactone-co-L-lactide) by Sequential Addition 

[0132] In the glove box, 100 ul (33 pmol) of a 0.33 M stannous octoate solution in toluene, 115 ul (1.2 mmol) of 
diethylene glycol, 24.6 grams (170 mmol) of L-lactide, and 45.7 grams (400 mmol) of e-caprolactone were transferred 
into a silanized, flame dried, two neck, 250 mL round bottom flask equipped with a stainless steel mechanical stirrer 

50 and a nitrogen gas blanket. The reaction flask was placed in an oil bath already set at 1 90°C and held there. Meanwhile, 
in the glove box, 62.0 grams (430 mmol) L-lactide were transferred into a flame dried, pressure equalizing addition 
funnel. The funnel was wrapped with heat tape and attached to the second neck of the reaction flask. After 6 hours at 
190°C, the molten L-lactide was added to the reaction flask over 5 minutes. The reaction was continued overnight for 
a total reaction time of 24 hours at 190°C. The reaction was allowed to cool to room temperature overnight. The 

55 copolymer was isolated from the reaction flask by freezing in liquid nitrogen and breaking the glass. Any remaining 
glass fragments were removed from the copolymer using a bench grinder. The copolymer was again frozen with liquid 
nitrogen and broken off the mechanical stirring paddle. The copolymer was ground into a tared glass jar using a Wiley 
Mill and allowed to warm to room temperature in a vacuum oven overnight. 1 03. 1 3 grams of 40:60 poly(e-caprolactone- 
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n?=L"l a SL d l W K ere 3dd u e ? ? 3 1ar6d a ' UminUm pan and then devolitilized under vacuum at 110-C for 54 hours 98 7 
fnunn It >t 1 b ^ h ^°^Br ™* recovered after devolitilization. The inherent viscosity was measured and 
S 7<q W^V^ Z'f 25 C (C = ° - 1 ^ FTIR (Cast fi,m from CHCI 3 onto K Br window, cm-1): 2993. 2944, 
bS ; Vf J?? 13 S 1184 ' 1132 ' 1 ° 94 ' 87 °' and ?56 - 1H NMR < 400MHz ' HFAD/Benzene, ppm) : 5 .25, 2 

4 TouaS 50,," k 1 f i ^ NneS; 1 55 ' 2 ' ineS; 2 22 ' 3 linGS ; 2 35 ' 4 br0ad ,ines " 4 01 ■ 3 lines 4 05, 3 lines; 

a.A quartet, 5.05, 3 broad l.nes; 5.15, 4 lines. Polymer composition by NMR: 41.8% PCL 57 5% PLA 0 8% L- 

ST^Z^'^T, DS k C , (2 °° C/min ' first hea, > : T -» = 154.8'C, AH m = 18.3 J/g. GPC (molecu.a'r weights 
determined in THF using poly(methyl methacrylate) standards, daltons): M w = 160,000, M n = 101 ,000, PDI = 1.6 

Example 10 

Synthesis of 95/5 PLA/PCL Copolymer 

[0133] In the glove box, 170 uL (1.8 mmol) of diethylene glycol, 350 uL (115 pmol) of a 0.33 M stannous octoate 
solution ,n toluene, 17.1 grams (150 mmol) of e-caprotectone, and 410.4 grams (2.85 mol) of L-lactide wereXed 
into a silamzed flame dried, 1000 mL round bottom equipped with a stainless steel mechanical stirrer and vacuum 
take off connector in order to maintain a dry nitrogen gas blanket. The reaction flask was placed in an oil bath already 
heated to 185»C and then held there for 3 hours. The flask was removed from the oil bath and a.lowed to coo. down 
to room temperature. The polymer was isolated by wrapping the flask with aluminum foil, freezing it in liquid nitrogen 
and then grinding away any adhered glass to the polymer. The copolymer was then ground in a Wiley miN The ground 

2 iTI Trtrr lit? 8 °; C f ° r 24 h0UrS ' 302 9famS ° f COp °' ymer Were collected ' The inhe ^< viscosSy was 
ano^ni t h tT 1 , ' C= °\^ The co P ol ^ er imposition was measured by proton NMR spectroscopy 
and found to be 97.2 mole percent PLA and 2.8 mole percent PCL. No residual monomer was detected. 

Claims 

1. A biocompatible gradient foam having a first location and a second location wherein the biocompatible gradient 
foarn has a substantially continuous transition in at least one characteristic selected from composition stiffness 
flexibility, bioasbsorption rate and pore architecture from the first location to the second location of said biocom- 
patible gradient foam. 

2. A biocompatible foam having a first surface and a second surface with interconnecting pores and channels. 

3. The foam of claim 1 or claim 2 which is bioabsorbable. 

4. The foam of any one of claims 1 to 3 which is made from a bioabsorbable aliphatic polyester, a poly(amino acid) 
a copoly ether-ester), a polyalkylene oxalate, a polyamide, a poly(iminocarbonate), a polyorthoester, a polyoxaes- 
yme 3 v a SSeof P °' y0XaeSter COn1aining amine 9 rou P s " a P°ly(anhydride), a polyphosphazene, a biopol- 

5. The foam of claim 4 wherein additionally present as a constituent of the foam is a second aliphatic polyester. 

6. The foam of any one of claims 1 to 5 wherein also present in the foam is a therapeutic agent. 

7. The foam of claim 6 the therapeutic agent is an antiinfective. a hormone, an analgesfc, an anti-inflammatory agent 
a growth factor, a chemotherapeutic agent, an anti-rejection agent, a prostaglandin, an RDG peptide or a combi- 



8. The foam of any one of claims 1 to 7 wherein the biocompatible gradient foam is filled with a biocompatible material 
selected from bioabsorbable synthetic polymers, biocompatible, bioabsorbable biopolymers, biocompatible ce- 
ramic materials and combinations thereof. ^ 

9. The foam of claim 2 or any claim dependent thereon having interconnected pores formed from a composition 
containing in the range of from 30 weight percent to 99 weight percent e-caprolactone repeating units. 

10. The foam of claim 9 having a first location and a second location wherein the biocompatible foam has a substantially 
continuous transrtion in at least one characteristic selected from composition, stiffness, flexibility, bioabsorption 
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rate and pore architecture from the first location to the second location of said biocompatible foam. 

11. The foam of claim 9 or claim 10 wherein the interconnecting pores have a pore size in the range from 10 ujti to 
200 um 

5 

12. The foam of any one of claims 9 to 11 wherein the biocompatible foam has a porosity of in the range of from 20 
to 98 percent. 

13. The foam of any one of claims 9 to 12 wherein the biocompatible foam has channels. 

10 

14. The foam of claim 1 3 wherein the channels have an average length of at least 200 um 

15. The foam of any one of claims 1 to 14 which is formed with an insert within the biocompatible gradient foam. 
15 16. The foam of any one of claims 1 to 15 for use in the repair or regeneration of tissue. 

20 
25 
30 
35 
40 
45 
50 
55 
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FIG. 2 
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FIG. 3 




1 mm 
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FIG. 4 




1 mm 
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FIG. 7C 
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FIG. 9 A 
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